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De novo protein design provides an attractive approach to criti-
cally test the features that are required for metalloprotein struc-
ture and function. Previously we designed and crystallographi-
cally characterized an idealized dimeric model for the four-helix
bundle class of diiron and dimanganese proteins [Dueferri 1
(DF1)]. Although the protein bound metal ions in the expected
manner, access to its active site was blocked by large bulky hy-
drophobic residues. Subsequently, a substrate-access channel
was introduced proximal to the metal-binding center, resulting
in a protein with properties more closely resembling those of
natural enzymes. Here we delineate the energetic and structural
consequences associated with the introduction of these binding
sites. To determine the extent to which the binding site was
preorganized in the absence of metal ions, the apo structure of
DF1 in solution was solved by NMR and compared with the crys-
tal structure of the di-Zn(II) derivative. The overall fold of the
apo protein was highly similar to that of the di-Zn(II) derivative,
although there was a rotation of one of the helices. We also ex-
amined the thermodynamic consequences associated with build-
ing a small molecule-binding site within the protein. The protein
exists in an equilibrium between folded dimers and unfolded
monomers. DF1 is a highly stable protein (Kdiss � 0.001 fM), but
the dissociation constant increases to 0.6 nM (��G � 5.4 kcal�
mol monomer) as the active-site cavity is increased to accommo-
date small molecules.

The requirements for protein stability versus function are
often diametrically opposed. The folded conformations of

proteins are stabilized by maximizing the burial of hydropho-
bic groups, minimizing voids, and forming intramolecular hy-
drogen bonds (1, 2). In contrast, binding and enzymatic func-
tions generally require active-site clefts replete with solvent-
exposed hydrophobic groups and hydrogen-bonding groups,
which are essential for proper binding of substrates. This
tradeoff between conformational stability and function pre-
sents a particularly large challenge to protein design (3), forc-
ing the designer to skirt the waters between Scylla and
Charybdis.

The stability�function tradeoff is particularly apparent in
metalloproteins. Structural metal-binding sites in proteins fre-
quently achieve stability by binding metal ions in coordinately
saturated ligand environments with idealized ligand–metal
bond geometries (4, 5). However, functional sites in metal-
loenzymes frequently contain coordinately unsaturated metal
ions that are positioned appropriately for binding substrates;
they also sometimes display geometries not frequently ob-
served in simple, small-molecule metal–ligand complexes (4,
5). Further, the active sites of metalloproteins are frequently
preorganized in the absence of metal ions, which requires the
burial of polar ligands at the expense of folding free energy
(6). The preorganization imparts tight and geometrically spe-
cific metal binding by assuring that the protein imparts its
own structural preferences on the metal rather than vice
versa.

Here we trace the energetic consequences of introducing an
active-site access channel into a designed diiron protein, DF1

(Dueferri 1) (7–10). This protein is a small, 48-residue ho-
modimeric model for the family of O2-using diiron proteins
that includes methane monooxygenase and the radical-form-
ing R2 subunit of the ribonucleotide reductase from Esche-
richia coli (11–14). The DF1 dimer comprises two nonco-
valently associated helix–loop–helix motifs that bind the
diiron cofactor near the center of the protein (8). The crystal-
lographic structures of di-Zn(II) (8) and di-Mn(II) DF1 (un-
published results) are very similar to the di-Mn(II) and di-
Fe(II) forms of other natural diiron proteins (15–18). In DF1,
two Glu side chains bridge both metal ions, whereas the other
two carboxylates interact with a single metal ion in a biden-
tate, chelating interaction (Fig. 1a). The two His residues
form additional monodentate ligands.

Initially, DF1 was designed for maximal stability. Thus, the
interior of the protein was efficiently packed with a large
number of hydrophobic side chains, resulting in a high degree
of conformational stability (8). Nevertheless, access to its di-
metal center was blocked by a pair of symmetrically related
hydrophobic Leu residues (Leu-13 and Leu-13�, Fig. 1a).
Modeling suggested that replacement of these side chains
with smaller Ala or Gly residues might open up the active
site, providing a deep invagination with the metal-binding site
occupying the bottom of the active-site pocket. Indeed the
L13G and L13A variants of DF1 showed properties similar to
those of the natural proteins. Both bound exogenous ligands
in solution and catalyzed the ferroxidase reaction (unpub-
lished results). The crystal structures of the di-Mn(II) forms
of L13A and L13G have been refined to high resolution (9,
10). The L13A mutant bound a DMSO molecule with its sul-
foxide oxygen bridging the two metal ions (Fig. 1b; ref. 9),
whereas the more polar cavity of the L13G mutant engen-
dered binding of both bridging and terminal water molecules
(or hydroxide ions) (10) in manners that mimic intermediates
in the mechanism of a peroxide reductase (19). Thus, as the
size of the active-site cavity increased, the chemical proper-
ties of the protein increasingly resembled those of natural
enzymes.

The goal of this article is to address the stability�function
tradeoffs associated with the design of a metalloprotein. First,
we examine the thermodynamics of folding of DF1, L13A,
and L13G to determine the thermodynamic cost of carving an
active-site access channel within a protein. Next, we ask what
dictates the fold of DF1 by determining the structure of the
protein in the apo state.

Abbreviations: DF1, Dueferri 1; Gdn, guanidine; NOE, nuclear Overhauser effect; rmsd, rms
deviation.
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Materials and Methods
Guanidine (Gdn) Denaturation. Gdn�HCl denaturation curves
were obtained by monitoring the circular dichroism (CD) at
222 nm by using a Jasco (Tokyo) J-715 dichrograph with a
60-s averaging time, and the data were analyzed as described
in ref. 20 and in Supporting Text, which is published as sup-
porting information on the PNAS web site, www.pnas.org.

NMR Spectroscopy and Structure Calculations. The solution con-
ditions for NMR experiments were 1.0 mM protein concen-
tration in 90% H2O�10% DMSO d6, pH 4.0. Chemical shifts
were referenced to the residual protonated DMSO signal, de-
fining it as 2.49 ppm with respect to tetramethylsilane (Table
3, which is published as supporting information on the PNAS
web site). All NMR spectra were carried out at 298 K on a
Bruker (Rheinstetten, Germany) Avance 600 spectrometer
operating at a nominal frequency of 600.13 MHz. To obtain
1H resonance assignments, a double quantum filtered corre-
lated spectroscopy (21) spectrum, a clean-total correlation
spectroscopy (22) spectrum with a mixing time of 60 ms, and
two NOESY (23) spectra with mixing times of 120 and 150
ms were recorded by using standard pulse sequences and
phase cycling as described in Supporting Text. Data were pro-
cessed on an SGI Octane workstation with the program

NMRPIPE (24). Peak picking in the NMR spectra, spin system
identification, and volume integration of the NOESY cross
peaks were performed with the interactive program
XEASY (25).

Nuclear Overhauser effect (NOE) restraints were derived
from the 120-ms NOESY spectrum. Upper distance limits
were obtained by using the program CALIBA (26). The struc-
ture calculations were performed with the program DYANA 1.5
(27) by using the torsion angle dynamic strategy. A total of
769 distance constraints derived from NOESY spectrum were
used in DYANA calculations.

To check whether DF1 existed as a symmetric homodimer
in solution, preliminary DYANA runs were performed by inter-
preting all the distance restraints derived from the NOESY
spectrum as intramonomer correlations. The structures
showed a large number of distance restraints violated (185),
and the average residual target function for the best 20 con-
formers was 42.5 � 1.8 Å2. Thus, some of the long-range con-
nectivities had to be considered as intermonomer correla-
tions. We interpreted all NOEs conservatively, and only those
that were well resolved and clearly inconsistent with the de-
signed and crystal structures of the monomer were assigned
as intermonomer contacts.

Several cross peaks, identified as long-range intramonomer
correlations, e.g., between residues 3 and 46 or 17 and 29,
indicated an antiparallel alignment of the two helices and
confirmed the helix–loop–helix motif characterizing the
monomer. The long-range intermonomer correlations, which
occurred between 14 residues, allowed definition of the ter-
tiary fold of DF1 as an antiparallel four-helix bundle with an
up-down-up-down topology as in the intended design. The
long-range intermonomer correlations were confirmed by the
fact that most of these contacts involved residues near either
the N terminus or C terminus of the protein with those close
to the loop region. A few cross peaks, e.g., between Tyr-2 and
Ala-20 and Tyr-42 and Val-28, indicated an antiparallel align-
ment of the two monomers and were classified as arising
from intermonomer interactions. In this manner, 30 in-
tramonomer long-range and 45 intermonomer NOEs were
assigned.

A total of 1,518 NOE constraints were assigned and inte-
grated and then transformed into upper distance limits by
using the program CALIBA (26). Of 1,518 constraints, 769
(16.5 NOEs per residue; 467 intraresidue, 137 sequential, 90
medium-range, and 75 long-range NOEs) were meaningful
and therefore have been taken into account by DYANA. To
calculate the dimeric structure, two noncovalently linked
monomers were generated by using 12 ‘‘invisible’’ linkers con-
sisting of pseudoatoms, which can penetrate the ‘‘real’’ mole-
cule without steric repulsion or target-function violation.
Typical DYANA runs were performed on 200 randomly gener-
ated starting structures with 15,000 torsion angle dynamics
steps. The 40 DYANA structures with the lowest target-func-
tion values were subjected to restrained energy minimization
by using the SANDER module of the AMBER 7.0 package
(3,000 steps of conjugate gradient) (28). The 1991 version of
the all-atom force field was used (29, 30), with a distance-
dependent dielectric constant � � rij. To reduce the artifacts
that can arise during in vacuo simulation, the charge of the
ionizable groups was reduced to 20% of its full value. Dis-
tance restraints were applied as a flat well, with a parabolic
penalty within 0.5 Å outside the upper bond and a linear
function beyond 0.5 Å, by using a force constant of 32 kcal�
mol�Å2. The best 14 structures among those with a residual
restraint energy lower than �2,720 kcal�mol and with a resid-
ual distance-constraint energy �63 kcal�mol were selected to
represent the solution structure. The structure analysis, in
terms of Ramachandran plots (Fig. 6, which is published as

Fig. 1. (a) The structure of di-Zn(II) DF1: the Leu-13 and Leu-13� residues
block substrate access to the active site. The backbone trace of residues 7–15
and 33–42 is shown, along with Glu-10, Leu-13, Glu-36, and His-39 side chains.
(b) The active site of L13A DF1. The decreased steric bulk of Leu-13 and Leu-13�
results in the formation of an active-site pocket, which accommodates a DMSO
molecule, the oxygen atom of which bridges between the Mn(II) ions.
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supporting information on the PNAS web site), deviation
from ideal structural parameters, secondary elements, was
performed with the PROCHECK-NMR program (see Table 2;
ref. 31).

Results
Gdn�HCl-Induced Unfolding Curves. The thermodynamic stabilities
of DF1, L13A-DF1, and L13G-DF1 were determined by mon-
itoring the loss of the helical CD signal at 222 nm as a func-
tion of Gdn�HCl. The far-UV CD spectra of DF1 and its ana-
logs L13A-DF1 and L13G-DF1 are very similar (data not
shown) and show minima at 210 nm (��20,000 deg�cm2�
dmol) and 222 nm (��22,000 deg�cm2�dmol) as expected for
helical proteins.

The Gdn denaturation curves for DF1, L13A, and L13G
depend markedly on the total protein concentration (Fig. 2).
For a monomer–dimer equilibrium, the law of mass action
dictates that the stability should increase with concentration,
which is in fact observed for all three proteins. The free ener-
gies of dimerization of the three proteins were determined by
globally fitting the baseline and thermodynamic parameters to
an equilibrium between folded monomers and unfolded
dimers (20).

This analysis revealed that DF1 has exceptional stability,
with a dissociation constant of �0.001 fM; the corresponding
values for L13A and L13G were 100 fM and 0.6 nM for
L13G, respectively (Table 1). The difference in stability asso-
ciated with mutation of Leu-13 to Ala [��G (0)] is 5.6 kcal�

mol dimer (2.8 kcal�mol monomer). This value is within the
range expected for mutating a single buried Leu to an Ala in
a native protein (32, 33). The mutation of position 13 from
Ala to Gly results in a further destabilization of 5.2 kcal�mol
(2.6 kcal�mol monomer), reflecting contributions from both a
decrease in the helix propensity of Ala relative to Gly [�1
kcal�mol monomer (34, 35)] and a decreased hydrophobic
driving force [�1.3 kcal�mol monomer (33)]. The m values
decrease as the bulk of the residue at position decreases
from Leu to Ala to Gly, as expected from the decrease in
the extent of solvent-accessible surface area buried after
folding (36).

Structure Determination by 1H NMR. The 1H NMR spectra of
apo-DF1 (Fig. 3) are very well dispersed in both the amide
and the aliphatic regions and display narrow line widths, sug-
gesting that DF1 folds into an unique native-like structure.
Further, a single set of resonances is observed for each resi-
due, which is consistent with the formation of a symmetrical
dimer. The structure of apo-DF1 was solved by two-dimen-
sional NMR (37) under conditions (pH 4.0, 10% DMSO)
similar to those used to crystallize the protein (8). Scalar and
dipolar connectivities were obtained from double quantum
filtered correlated spectroscopy (21), total correlation spec-
troscopy (22), and NOESY (23) spectra. Main-chain assign-
ments were obtained for all residues (except the C-terminal
Leu-47 and Gly-48), and side-chain proton assignments are
complete except for Leu-7 and Leu-11.

Preliminary secondary structural assignments were obtained
from amide and �-proton chemical shifts, 3J�N coupling con-
stants, and medium-range NOEs (Figs. 7 and 8, which are
published as supporting information on the PNAS web site).
The good correlation between all of the experimental data
defined two helices spanning residues 7–22 and 27–46, con-
nected by a nonhelical loop, as designed.

A total of 75 long-range NOEs were assigned. NOEs be-
tween residues at the N or C terminus of the protein with
those close to the loop regions are consistent with the forma-
tion of an antiparallel dimer structure in solution, as ex-
pected. For a symmetric dimer the observed long-range NOE
contacts can be either inter- or intramolecular in origin. This
problem was considerably simplified because NOEs were ob-
served between protons near the N and C termini of residues
within the same helix for both helices 1 and 2. These con-
tacts, which must arise from intermolecular antiparallel inter-
helical interactions, agreed well with those defined by the
original model as well as the crystallographic structure (8).
Given this agreement, we felt justified in using the crystallo-
graphic structure to tentatively assign additional ambiguous
long-range NOEs.

The structure calculation from the NMR data proceeded
via two steps. First, the monomer was solved by using only
the intramonomer interactions. One hundred structures were
calculated, and all converged to the same overall helix–loop–
helix topology. The low target-function average value (0.49 �
0.13 Å) and the small number of residual violations (12) indi-
cate that the constraints are well satisfied by the structures
obtained.

Calculations of the DF1 dimer structure included a total of
769 intra- and intermonomer NOE correlations consisting of
467 intraresidue, 137 sequential, 90 medium-range, 45 inter-
monomer long-range, and 30 intramonomer long-range NOE
correlations. All DYANA structures converged to the same to-
pology, with no residual constraint violations and a good av-
erage value of the target function (0.78 � 0.09 Å2 for the best
40 structures) (Fig. 9, which is published as supporting infor-
mation on the PNAS web site). The 40 best DYANA structures
were refined further by restrained energy minimization. The

Fig. 2. Gdn denaturation curves of DF1, L13A, and L13G. The ellipticity at 222
nm was monitored as a function of the concentration of added denaturant in
10 mM phosphate buffer (pH 5.5). The smooth curves are generated by
globally fitting the free energy of dimerization (�GU) in the absence of Gdn,
m (��GU��[Gdn]) and the baseline parameters to the data as described in
Supporting Text. The identity and concentrations of the proteins are as
follows: E, L13G-DF1 3.76 �M; �, L13G-DF1 16 �M; ■ , L13A-DF1 0.9 �M; F,
L13A-DF1 12 �M; �, DF1 0.78 �M; ‚, DF1 3.7 �M.

Table 1. Globally fit parameters characterizing the Gdn-induced
unfolding curves for variants of DF1

Protein �G°, kcal�mol m, kcal�mol�1�M�1 Kdiss, M

DF1 �23.5 � 0.3 2.93 � 0.1 (9.0) 10�18

L13A-DF1 �17.9 � 0.3 2.49 � 0.1 (1.1) 10�13

L13G-DF1 �12.7 � 0.3 2.25 � 0.1 (6.4) 10�10

3774 � www.pnas.org�cgi�doi�10.1073�pnas.0730771100 Maglio et al.



best 14 refined structures (Table 2), with no violations in
interproton distances �0.5 Å, were selected to represent the
solution structure (Fig. 4). The overall stereochemical quality

of the set of structures, assessed by PROCHECK-NMR (31),
indicates that the DF1 dimer structure is comparable to that
of a 1.9-Å well defined x-ray structure.

The solution conformation of the dimer is well defined ex-
cept for the N- and C-terminal regions (Asp-1–Leu-7 and
Ile-46–Gly-48). The structural disorder in 1–7 appears to be
intrinsic to the protein, whereas the structure of 46–48 was
underdetermined because of a paucity of NOEs. Superposi-

Fig. 3. (a) One-dimensional NMR spectrum of DF1 [H2O�DMSO 90:10 (vol�
vol), pH 4.0] at 600 MHz and 298 K. (b) Total correlation spectroscopy in the
NH-aliphatic region. Of 47 possible NH–�CH cross peaks, 45 are observed. (c)
NOESY spectrum (120-ms mixing time) in the NH–NH region.

Table 2. Summary of the number of constraints used in the
calculations and structural statistics for the 14 final NMR
structures of apo-DF1

Parameter Value

Assigned NOE cross peaks 1,518
Nonredundant NOE upper distance limits 769
Intraresidue 467
Interresidue sequential (�i�j� � 1) 137
Interresidue medium range (1 � �i�j� � 1) 90
Interresidue long range (�i�j� � 5) 75
Residual target function,* Å2 0.75 � 0.09
Residual distance constraint violations, Å

0.1 � d � 0.2 33.5 � 3.7
0.2 � d � 0.3 4.8 � 1.6
0.3 � d � 0.4 1.3 � 0.9
0.4 � d � 0.5 0.7 � 0.8
Maximum violation 0.37 � 0.08

AMBER energies, kcal�mol�1

Distance constraint 49.6 � 7.3
van der Waals �535.5 � 11.6
Total �2,878.1 � 80.2

rmsd to mean coordinates,† Å
N, C�, C� (8–44) 0.47 � 0.06
All heavy atoms (8–44) 0.90 � 0.09

Ramachandran statistics from PROCHECK-NMR‡

Most favored regions, % 85.2
Additional allowed regions, % 13.3
Generously allowed regions, % 1.3
Disallowed regions, % 0.2

*Residual target function value for the best 40 DYANA conformers before
energy minimization.

†Average coordinates of the 14 energy-minimized conformers after superpo-
sition for the best fit of the atoms of the residues indicated in parentheses.

‡The program PROCHECK-NMR was used to check the overall quality of the
structures.

Fig. 4. Stereoview of the superposition of the best 14 minimized structures
for apo-DF1.
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tion of the best 14 calculated structures on the mean coordi-
nates gave an average rms deviation (rmsd) of 0.47 � 0.06 Å
for all backbone atoms and 0.90 � 0.09 Å for all heavy atoms
in the well defined regions (8–44). This deviation is similar to
that observed between dimers within the asymmetric unit of
DF1 in the crystal structure of di-Zn(II) DF1.

Description of the Structure. The solution structure of apo-DF1
is highly similar to the crystal structure of the di-Zn(II) deriv-
ative (8) as well as the original model for the dimetal form of
the protein. The overall rmsd for the backbone atoms of the
best 14 structures of DF1 (residues 8–22 and 27–44) versus
the protein model was 1.53 � 0.05 Å. The protein consists of
a pair of symmetrical helix–loop–helix motifs with the loop
on opposite sides of the bundle. The helices within each
monomer span residues 8–22 and 27–44 as defined by the
pattern of hydrogen bonding as well as the backbone torsion
angles � and �. The loop region comprises residues 24–26
and is characterized by a ��L	 conformation (7, 38). In this
turn, the first helix is capped in a conformation that lies be-
tween an �L and a Schellman motif (39) in which Lys-25
adopts a left-handed helix conformation. The side chain of
Leu-26 caps the hydrophobic core of the structure.

In the dimeric structure, helix 1 and helix 2 pack in an anti-
parallel manner against their symmetry-related helix 1� and
helix 2�, respectively. As in native proteins, the apolar side
chains are located in the core of the dimeric structure and
generally have unique conformations. The computed structure
is also consistent with the chemical shifts observed for the
interior side chains. For example, the Leu-6 (0.61 and �0.04
ppm) and Val-28 (0.74 and 0.25 ppm) methyl groups were
significantly upfield-shifted via ring-current effects arising
from Tyr-17 and Trp-42. Similarly, Ile-33 showed upfield-
shifted methyl proton chemical shifts (0.06 and �0.26 ppm)
arising from their proximity to Tyr-17 and His-39.

Discussion
One goal of this study was to determine the extent to which
the protein was folded and its active site organized in the ab-
sence of metal ions. The metal-binding site was partially pre-
organized in the absence of metal ions, as assessed from a
comparison of the geometries of the liganding residues in the
di-Zn(II) versus the apo structures. Glu-10 adopts the g	, g	

conformation (40) in almost all crystal structures of DF1 and
its mutants (
1 � �65 � 5°, 
2 � �78 � 12°) (8–10). A g	,
g� conformation was found only in one monomer of the
asymmetric unit in di-Zn-DF1 (8). Analogously, in the solu-
tion structure of the protein, Glu-10 adopts a g	, g	 confor-
mation in 90% of the structures (
1 � �69 � 12°, 
2 �
�67 � 11°), with a g	, g� conformer in the remaining con-
formers. Glu-36 is also found to adopt a single conformer
with the g	, g	 rotamer in the crystal structures of di-Zn(II)-
DF1 (8), di-Mn(II)-L13A-DF1 (9), and di-Mn(II)-L13G-DF1
(10) (
1 � �50 � 4°, 
2 � �57 � 6°). A very similar confor-
mation is found for this residue in solution for most of the
structures of the bundle (68%, 
1 � �59 � 3°, 
2 � �80 �
15°). Also, the 
1 torsion angle of His-39 is g	 both in solu-
tion (�79 � 8°) and in the crystal structures (�60 � 4°), al-
though the orientation of the ring is frequently flipped by a
rotation about 
2 in the solution structures.

The metal-binding site in di-Zn(II)-DF1 is stabilized by sec-
ond-shell hydrogen bonds, which are largely retained in the
apo structure. The primary ligand Glu-10 accepts second-shell
hydrogen bonds from Tyr-17� of a neighboring monomer
in approximately half of the solution structures. Similarly,
Asp-35 accepts a second-shell hydrogen-bonded interac
tion from the primary ligand His-39 in half of the solution
structures.

There are also small differences in the overall orientations
of helices 2 and 2� in the NMR structure of the protein. The
rmsd between the individual members in the ensemble of so-
lution structures is on the order of 0.5 Å for the backbone
atoms. A significantly greater rmsd (1.6 Å) was observed
when the ordered regions of the solution structure were su-
perimposed on di-Zn(II) DF1 (8).

To identify the structural differences in the apo versus the
di-Zn(II) structures, they were examined in a common Carte-
sian coordinate system in which the central axis of the bundle
is aligned along the z axis and the approximate C2 axis of
symmetry of the metal-binding site is aligned along the x axis
(41). The N-terminal helices, which contain a single Glu li-
ganding site, are nearly invariant between the structures. In
contrast, the C-terminal helices are rotated by �30° in the
apo versus the di-Zn(II) structures, which allows the primary
ligands, Glu-36 and His-39 to become more exposed in the
apo versus the di-Zn(II) structures (Fig. 5). Thus, in the ab-
sence of stabilizing metal ion–ligand interactions, the His and
Glu ligands prefer a more exposed location near the surface
of the protein.

In a related crystallographic investigation (10), we recently
observed a limited shift in the geometry of the helix 1–helix
1� interface that occurs concomitantly with a change in the
coordination geometry of the di-Mn(II) derivative of L13G-
DF1. Similar changes in tertiary structure have not been ob-
served yet in the crystal structures of diiron proteins, which
tend to use more local conformational motions to adjust to
changes in the redox state of the metal ion and other molecu-
lar events within their active sites (17, 19, 42). It will now be
interesting to determine how these differences affect the
chemical and functional properties of this class of proteins.

The degree of preorganization of metalloproteins has been
shown to vary significantly depending on the functional re-

Fig. 5. Superposition of the di-Zn(II) and apo structures of DF1. The back-
bone trace of the di-Zn(II) structure is in green, and the side chains are plotted
with Corey–Pauling–Koltun colors (C, green; N, blue; O, red). The backbone of
apo-DF1 is in yellow, the Glu side chain is in red, and the His residue is in blue.
(Right) Helices 1 and 1�, which superpose well between the structures. (Left)
A much poorer superposition of helices 2 and 2� arises from a rotation of the
helices about their axes, which increases the exposure of the His and Glu side
chains.
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quirements of the sites. For example, zinc fingers feature a
structural metal ion-binding site, and in these structures the
binding of Zn(II) is required to fold the structure (43). At the
other extreme the crystal structure of the R2 subunit of ribo-
nucleotide reductase has been determined in the apo and var-
ious dimetalated forms (16, 17, 44). In this case, there is a
significantly smaller difference in the geometry of the metallo
site in the apo forms versus the dimetalated structures than is
observed in the DF1 structures. The comparison for DF1 is
complicated somewhat by the fact that the apo structure was
solved in solution, whereas the other di-Zn(II) structure was
solved crystallographically. Nevertheless, the structural differ-
ences were significantly larger than expected from the experi-
mental error. This finding suggests that DF1 is more mallea-
ble than ribonucleotide reductase, possibly because DF1 is a
homodimer of covalently unconnected helix–loop–helix mo-
tifs. By comparison, the diiron-binding site in R2 is housed in
a single-chain four-helix bundle that is embedded within a
much more complex and protein fold, which might provide
additional structural restraints on the binding site.

A second goal of this work was to determine the thermody-
namic consequences of introducing a substrate-access channel
into the structure of DF1. The thermodynamic data show that
the destabilization is extreme; the Leu-to-Gly mutation desta-

bilized the dimer by �10 kcal�mol. Thus, although this func-
tional mutation extracts a large thermodynamic price, the ex-
treme stability of DF1 provides adequate stability to
compensate for the mutation.

In summary, the de novo design of metalloproteins provides
a critical test of the features required for the folding and
function of this class of proteins. To obtain the most com-
plete knowledge, however, it is essential to characterize the
thermodynamic, structural, dynamic and functional properties
of the targets thoroughly and to compare them to natural
counterparts. Only in this way can the requirements for func-
tion be appreciated fully. This article, which details the solu-
tion properties of apo-DF1 and its active-site variants, can
now provide a basis for understanding the metal-binding, re-
dox, and chemical properties of metallo derivatives of the
DF1 family of proteins.
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